ABSTRACT In recent years, the identification and application of strong and weak ties in social networks has drawn increasing attention. The traditional definitions of strong ties (with two endpoints in the same community) and weak ties (with two endpoints in different communities) are being challenged by overlapping community structures. Because of their unique nature, the relationships between overlapping nodes and non-overlapping nodes are difficult to classify as strong or weak. In view of this, it is here proposed that the coefficient indicator for overlapping communities was used to redefine node relationships and enable the quantification of strong and weak ties. Next, changes in the quantities of strong and weak ties were analyzed by varying the threshold values of the overlap coefficient. Finally, the effect of weak ties in information dissemination was assessed in overlapping and non-overlapping situations, respectively. Results demonstrated that the overlap coefficient proposed in this paper could better characterize the strong and weak attributes of edges under overlapping community structures.
I. INTRODUCTION
Ubiquitous social networks constitute massive technical challenges for researchers. The evaluation of relationship strength among users and the effects of user relationships on content sharing [1] and information dissemination [2] have attracted a great deal of attention. According to the theoretical framework proposed in [3] , weak ties are the relationships between individuals who are distant from one another in social networks. Distance may refer to physical space, such as being in different countries or territories, or it may refer to the extent of interaction between two individuals in informational space, such as whether email interactions are taking place or whether each has commented on the other's social media posts. Weak ties, as contact bonds between familiar people, are effective ways to disseminate information across these literal and metaphorical regions.
In recent years, Ferrara and De et al. proposed a more direct way to distinguish strong ties from weak ties [4] , [5] . From the perspective of community structures, they defined node relationships located in different communities as weak ties, and node relationships within the same community as strong ties. The definition is based on topological information with simple and intuitive distinctions between strong and weak ties; however, overlapping communities present a challenge for these definitions. Overlapping communities are further extensions of non-overlapping community structures; to an extent, they break down the closed nature of individual communities, so that communities in networks are no longer isolated. This fosters the smooth flow of information exchange among communities. Due to the fact that some unique nodes in overlapping communities may belong to two or more communities, relationships between overlapping nodes and relationships between overlapping nodes and non-overlapping nodes can be difficult to define using existing methods. As shown in Fig.1 , Node 4, and Node 7 are overlapping nodes. The following two scenarios are possible based on different communities to which overlapping nodes belong.
(1) When Node 4 belongs to community 1, then Node 4 has strong links to Nodes 2 and 3 (being in the same community) and weak links to Node 5; similarly, when Node 4 belongs to community 2, then Node 4 has weak links to Nodes 2 and 3 and strong links to Node 5. Node 7 is in a similar situation as Node 4. (2) Regarding only overlapping communities, the relationship between Node 4 and Node 7 may be classified in two ways, namely (a) belonging to the same overlapping communities, thus strong ties are present between them; (b) despite being in the same overlapping communities, they are located in two different communities, making it difficult to determine whether strong or weak ties are present.
Based on this, the present study proposes a coefficient for overlapping communities. This coefficient is based on overlapping community structures and uses node attribution in communities to evaluate the strength of relationships between nodes, thereby rendering strong and weak ties quantifiable. The main contributions of the study are as follows:
(1) A more generally applicable way to identify strong and weak ties is here proposed. This method reflects the traditional binary of strong-weak relationships into the [0,1] interval, adding nuance to the determination criteria of strong and weak ties.
(2) The effects of weak ties in information transmission and reasons for those effects were qualitatively and quantitatively analyzed, thereby confirming the reliability of the method proposed in this study.
The other portions of the article are as follows: The section 2 introduces the related works; the section 3 proposes the overlap coefficient; the forth section describes four real data sets of social networks, which served as the basis to confirm the importance of overlapping regions in terms of relationship metrics, the clustering coefficient of nodes, and the overlapping nodes; the section 5 summarizes the entire study.
II. RELATED WORK A. DEFINITIONS OF STRONG AND WEAK TIES
Granovetter et al. [3] proposed the concept of relationship bridges. They believed relationship bridges to be the only links for communication between two people in an interpersonal network. For the contacts of Person A and Person B, the relationship between A and B is required for information on any contact of A to be transmitted to any contact of B; this is the relationship bridge, namely the weak tie, between A and B. For this reason, the author proposed a now-well-known description of relationship strength, ''relationship strength is dependent on amount of time, emotional intensity, intimacy (mutual confiding), and reciprocal actions in the relationship, and may be the linear combination of these factors.'' This work offered a general description of relationship strength. The authors of another work established a formula to compute relationship strength [6] .
w ij is the weight of edge of Node i and Node j; k i and k j are the node degrees of i and j; c ij is the quantity of common neighbors. Two previous works used the dimension of community structures to provide what has become the dominant definition of strong and weak ties [4] , [5] : weak ties connect two nodes from different communities, while strong ties connect two nodes both in the same community. The preceding definition applied to non-overlapping community structures. However, in overlapping community structures, it can be difficult to determine the strength of relationships between overlapping nodes and between overlapping nodes and nonoverlapping nodes.
B. INFORMATION DISSEMINATION
Researchers who study social networks were also concerned with another important issue: the effect of strong and weak ties on information dissemination. Generally speaking, since weak ties play a mediating effect on dissemination in the network, weak ties are relationships by which information quickly disseminates; most literature supported this conclusion [2] - [7] . However, in certain special networks, sometimes strong ties occupy dominant positions. A previous work on criminal actors who worked in teams found that they rarely cooperated with strangers (generally weak ties), whereas there was more collusion among familiars; this explained the key effects of strong ties in criminal networks [8] .
III. OVERLAP COEFFICIENT
In this study, we use the overlap coefficient to evaluate the strength of ties. The overlap coefficient reflects conditions in communities to which two nodes belong; its formula is shown as follows:
In the preceding equation, E i and E j represent the communities where Node i and Node j are located; E i ∩ E j represents the number of communities that simultaneously contain Node i and Node j ; E i ∪ E j represents the number of communities that contain either Node i or Node j. O ij represents the strength of the relationship between Node i and Node j.
As shown in Fig.1 , Node 4 belonged to Community 1 and Community 2, while Node 2 belonged only to Community 1; thus, Node 4 and Node 2 belonged to one common community, while the union of communities to which Node 4 and Node 2 belonged was 2. Thus, the overlap coefficient of Node 4 and Node 2 was O 4,2 =
The relationship metrics for any two nodes in the network could be computed in the same way. In this way, each pair of nodes had a corresponding metric ranging between 0 and 1. When the metric between nodes was 0, it meant that the two nodes belonged to different communities; when the metric was 1, it meant that the two nodes belonged to the same community. In other words, the definitions of strong and weak ties in these two previous works could be seen as a special case [4] , [5] . In this way, the overlap coefficient provided a more intuitive means for quantifying the relationships between nodes, facilitating simplification of complex network structures.
IV. EXPERIMENT AND ANALYSIS

A. DATA SET
To test the efficiency of the proposed method, we use four real data-sets in the experiment, called Dolphin, Football, Email 1 and 2, respectively. The Dolphin data set reflects the social activities of 62 bottlenose dolphins in New Zealand [9] . The Football data set is from National College Athletic Association regular-season football games.
The nodes represented the participating teams, while the edges represented regular-season competitions between two teams. The last two email data sets reflected the social interactions between users in online mobile networks. These four data sets could more comprehensively reflect the interactions in real social networks, because the first two represent the sparse scenario and the rest two show the dense scenario. The detailed information has been shown in Table 1 .
The steps of the experiment were as follows: Based on the computational method proposed in a previous work, overlapping community structures in the network were identified [9] ; Equation 2 was used to compute metrics between pairs of nodes;
Strong and weak ties were distinguished as follows: strong ties if O ij ≥ α, weak ties if vice versa; here, α is a threshold value 1 of overlap coefficient.
The numbers of strong and weak ties were taken into account for different data sets; The effects of weak ties on the rate of information dissemination and the length of shortest path were studied by deleting different numbers of weak ties. Fig.2 and Fig.3 showed the effect of overlap coefficient on the number of strong and weak edges in sparse and dense scenarios, respectively. It was clear that the quantity of strong and weak edges increased along with α. This was mainly because as increased, the network community gradually evolved from an overlapping structure to a nonoverlapping structure, as some overlapping nodes became strong nodes (only belonging to one community [11] ). In turn, the number of strong edges increased, as did edges (namely weak ties) between strong nodes belonging to two communities at the same time. In different data sets, there was no consistency in whether there were more strong edges or weak edges. There were always more weak edges in the email1 data set, while there were more strong edges than weak ties in the other three data sets. This was inconsistent with the conclusions drawn in a previous work, which stated that there were more weak ties than strong ties [5] .
B. OVERLAP COEFFICIENT AND THE QUANTITY OF STRONG AND WEAK EDGES
C. COMPARISON OF EIGENVALUES
Next, eigenvalues of adjacency matrices were analyzed in overlapping and non-overlapping community structures. To some extent, the eigenvalue reflected the diameter of the network (generally expressed as the largest or the first two eigenvalues). Increases in eigenvalue meant a greater radius of the network and longer time required for information dissemination. In the experiment, strong and weak ties in the two structures were first identified, and then the weak ties were deleted from the two structures. Finally, the remaining node relationships were used to establish a new adjacency matrix, for which the principle component analysis (PCA) technology was used to derive the corresponding eigenvalues.
As shown in Fig.4 and Fig.5 , each data set showed greater variation in terms of eigenvalues under overlapping community structures and non-overlapping community structures, where the term ''Initial'' denotes the method of equation 1. In general, eigenvalues under overlapping community structures were greater than in non-overlapping community structures after deletion of weak ties from them. Since there was a positive correlation between the eigenvalue and the radius of dissemination, the bigger the eigenvalue is, more time it needs to spent in the transmission process. These results verify the effectiveness of the current method for identifying weak ties under overlapping structures.
D. AVERAGE SHORTEST PATH
The average shortest path for information dissemination served as the example to further confirm the accuracy of the method proposed in this study for identification of strong and weak ties. Because weak ties have a bridging effect on information dissemination, the removal of such weak ties would increase the length of the shortest path, in turn making the method with maximum effect on the length of the shortest path more accurate under the same conditions. Table 2 shows the changes in the shortest paths in the four data sets after removing weak ties using different methods. It is obvious to see that the deletion of weak edges from non-overlapping structures and overlapping structures would both rapidly increase the average shortest path of information dissemination throughout the entire network. For instance, in the Dolphins data set, the length of the shortest path under the initial structure was 3.1111. The length of the shortest path doubled after weak ties were deleted from non-overlapping structures; and tripled after weak ties were deleted from overlapping structures, which, again, validates the effectiveness of our method.
V. CONCLUSION
This current work addressed the strong and weak ties in overlapping community structures and a new way to determining the strength of relationships based on the overlap coefficient is here proposed. Based on identification of strong and weak ties between nodes, the study first analyzed the effect of the overlap coefficient on the quantity of strong and weak ties. Next, the extent to which different methods of identifying weak ties affected network eigenvalues and average path lengths. In summary, qualitative and quantitative methods confirmed the effectiveness of the method described in the present article. WEI WANG was born in Nanyang, Henan, in 1986. He is currently pursuing the master's degree with Henan Normal University. His research interests include social computing and complex networks.
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